Serotyping is widely used for typing Salmonella during surveillance, and depends on determining the lipopolysaccharide (LPS) O-antigen and the flagellar protein (H-antigens) components. As the O-antigen is highly variable, and structurally unique to each serotype, we investigated the binding affinities of LPS from Salmonella serotypes of O4 serogroup with specific anti-antigen serum via immunoblot and enzyme-linked immunosorbent assays. Since the serotypes from O4 serogroup also express the O-antigen factor 12, O12 antiserum was also used for the analysis. LPS from the different serotypes showed different binding affinities with the antisera. Therefore, based on the antigen-antibody affinity, a modified agglutination assay was carried out by using O4 and O12 antisera. Although serotypes from O4 serogroup have the common O-antigen factors 4 and 12, the analysis showed that the degree of agglutination reaction is different for each of the serotypes. We suggest that Salmonella serogroup O4 serotypes exhibit different binding affinities with specific antisera despite the presence of common O-antigen factors 4 and 12.
INTRODUCTION
Salmonella, a facultative intracellular Gram-negative pathogen, has emerged as a leading causative agent for food-borne diseases worldwide (Byrne et al. 2014; Johnson et al. 2014) . Surveillance methods enabling the timely detection of Salmonella are therefore essential for the identification and prevention of Salmonella infections (Galanis et al. 2006) . To obtain information regarding the source of the pathogen and severity of the disease, public health scientists generally use traditional serotyping methods; serotyping serves as the standard method against which more advanced strategies for Salmonella typing are measured (Herikstad, Motarjemi and Tauxe 2002) . There are numerous serogroups that are identified by O-grouping antisera (Herikstad, Motarjemi and Tauxe 2002) .
The O-antigen region of lipopolysaccharide (LPS) is serotypeunique and varies in the number of repeating polysaccharide units, monosaccharide diversity and glycosidic linkages (Mitov et al. 2003; Reyes et al. 2012) . Therefore, the affinity of Salmonella O-antigen with antiserum was evaluated and the degree of agglutination based on the antigen-antibody reaction among Salmonella serotypes in a serogroup was determined.
In this study, we used Salmonella O4 serogroup for evaluating the antigen-antibody reactions because Salmonella enterica serovar Typhimurium (S. Typhimurium) of serogroup O4 is one of the most frequently isolated serotypes from both human and non-human sources globally (Gorman and Adley 2004; Galanis et al. 2006; Hendriksen et al. 2011; Barbour et al. 2015) . We investigated the antigen-antibody affinity of O-antigens of Salmonella O4 serogroup by using O4 and O12 antisera.
MATERIALS AND METHODS

Bacterial strains and antisera
The Salmonella serotypes from the O4 serogroup used for the evaluation were S. Typhimurium SL1344 (1,4, [5] ,12:i:1,2) (Hoiseth and Stocker 1981) -3615 (4, [5] ,12:b:1,2), S. Agona L-3427 (4,12:f,g,s:-), S. Abortusequi L-2508 (4,12:-:e,n,x) (Akiba et al. 1999) and S. Schwarzengrund L-2925 (1,4,12,27:d:1,7). For negative control, S. Choleraesuis ATCC 7001 (6,7:c:1,5) (Tindall et al. 2005) and S. Enteritidis ATCC 4931 (1,9,12:g,m:-) (Tindall et al. 2005) belonging to O7 and O9 serogroups, respectively, were used. All bacteria were grown overnight in Luria Bertani (LB) medium (Nacalai Tesque, Kyoto, Japan) at 37 o C.
The antisera used in the study were Polyclonal rabbit O4 (containing O5) antiserum (Denka Seiken, Tokyo, Japan) and Polyclonal rabbit O12 antiserum (SSI Diagnostica, Copenhagen, Denmark).
SDS-PAGE and immunoblotting of Salmonella LPS
LPS was extracted from bacteria using the hot phenol-water method (Rezania et al. 2011) . Approximately, 5 μg of LPS was separated on a 12% acrylamide gel (Bio-Rad, Richmond, CA, USA) with the SDS buffer system, and stained using a modified silver staining method (2D-Silver Staining Kit, Cosmo Bio, Tokyo, Japan; Tsai and Frasch 1982) . To determine the binding affinity of LPS from the different serotypes and the antisera O4 and O12, the LPS bands were transferred to polyvinylidene difluoride (PVDF) membranes (Bio-Rad, Richmond, CA, USA) and subjected to immunoblot analysis. Subsequent to transfer, the PVDF membranes were blocked with Blocking one solution (Nacalai Tesque, Kyoto, Japan) followed by incubation with O4 antiserum (1:1000) or O12 antiserum (1:800), and then with horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG (1:2000; Invitrogen, Carlsbad, CA, USA). 3,3-Diaminobenzidine tetrahydrochloride (Wako, Osaka, Japan)-hydrogen peroxide solution was used for detection.
Indirect enzyme-linked immunosorbent assay
Indirect enzyme-linked immunosorbent assay (ELISA) was carried out as previously described (Aribam et al. 2015) . LPS-coated plates were incubated with 2-fold serial dilutions (starting at 1:200) of O4 or O12 antisera. Normal rabbit serum was used as a negative control. Bound antibodies were detected using HRPconjugated goat anti-rabbit IgG and visualized with 3,3 ,5,5 -tetramethylbenzidine substrate (Pierce, Rockford, IL, USA).
Modified agglutination assay
For the assay, 50-μl aliquots of 2-fold serial dilutions (starting at 1:100) of antisera were dispensed into a 96-well microtiter plate, 100 μl of bacterial culture adjusted to 1 × 10 7 CFU were added to each well and the plate was incubated overnight at 4
• C, as previously described (Aribam et al. 2015) .
RESULTS AND DISCUSSION
We investigated structural heterogeneity in LPS from Salmonella O4 serogroup, which revealed a significant difference in the laddering pattern of their O-antigen region, suggesting that LPS from serotypes of O4 serogroup vary in their O-antigen structure (Fig. 1A ) (Hitchcock and Brown 1983) . Next, to determine the binding affinity of LPS from the different serotypes and the antisera O4 and O12, the LPS bands were subjected to immunoblot analysis (Fig. 1B) . In all the serotypes of O4 serogroup, the basic structure of LPS consists of the sugar components mannose, rhamnose and galactose with a branch sugar abequose, which confers them common O-antigen factors 4 and 12 (Wang et al. 2002) . Therefore, polyclonal rabbit O4 and O12 antisera were used for the study. As shown in Fig. 1B and C, LPS extracted from the various serotypes of O4 serogroup reacted differently with the antisera despite possessing common O4 and O12 antigen factors. In addition, the binding affinity of LPS and the antisera O4 and O12 were further analyzed using indirect ELISA. To facilitate the comparison of data from the different ELISA plates, S. Typhimurium LPS was included in every plate during the assay and the results were expressed as a percentage of the maximum S. Typhimurium binding obtained in each experiment ( Fig. 1D and E; Tables S1 and S2, Supporting Information) (Craig, Ciufo and Morgan 2004) . As shown in Fig. 1D and Table S1 (Supporting Information), the reaction of LPS with the O4 antiserum was found to be similar to the immunoblot analysis result (Fig. 1B) . In addition, the reaction of LPS with the O12 antiserum also indicated similar results as observed in Fig. 1C (Fig. 1E ; Table S2 , Supporting Information). These findings suggest that the binding affinities of the O4 antigen and O4 antiserum and that of O12 antigen and O12 antiserum differ for each serotype. Since LPS extracted from the O4 serogroup reacted differently with the O4 or O12 antisera, the agglutination reactions of the serotypes with O4 or O12 antisera were examined. The results demonstrated that each serotype from the O4 serogroup reacted differently with the various antisera titers (Table 1) , as observed for the LPS binding affinity of the antisera ( Fig. 1 ; Tables S1 and S2, Supporting Information). No agglutination was observed for serotypes from the non-O4 serogroups (S. Enteritidis and S. Choleraesuis with O4 antiserum, and S. Choleraesuis with O12 antiserum), and phosphate-buffered saline (PBS) controls. The strongest agglutination reaction was observed for S. Typhimurium (≥6400). In contrast, serotypes S. Agona and S. Schwarzengrund reacted very weakly, suggesting that when a highly diluted antiserum is used, it is possible that the results are interpreted incorrectly. The current results indicate that the affinity and antiserum dilution can influence antigenantibody reaction-based studies such as modified agglutination tests. Therefore, such tests should be performed and interpreted cautiously. In addition, antiserum reactivity depends on the type and detectable quantity of antigen produced by the serotype. Schwarzengrund (1, 4, 12, 27) 200 400 <100 S. Abortusequi (4, 12) 1600 ≥6400 <100 S. Choleraesuis (6,7) <100 <100 <100 S. Enteritidis (1,9,12) <100 3200 <100
This study suggests that despite possessing the common O-antigen factors, 4 and 12, serogroup O4 serotypes react with specific antiserum with different affinities.
FUNDING
This work was supported in part by a Grant-in-Aid for Scientific Research to ME (25-03213 and 15F15099) from the Japan Society for the Promotion of Science (JSPS). This work was supported by a postdoctoral fellowship for foreign researchers (to SD Aribam and M Elsheimer-Matulova) provided by the JSPS.
